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The Ordered Structure of TiO 
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The low temperature form of the phase, TiO, which is stable in the composition range TiO0.9-TiOa.1 
below 990°C, has been investigated by electron microscopy/diffraction and X-ray.powder methods. 
The unit cell is monoclinic (space group A2/m) with a=5.855, b=9.340, c=4.142 A and y= 107°32. 
The structure is similar to that of NaC1, but has an ordered array of vacant lattice sites. Half of the 
titanium and half of the oxygen atoms are missing alternately in every third (110) plane. Microstructural 
features of the ordered phase are also described and the crystallography of the ordering transformation 
is discussed. 

1. Introduction 

Many oxides, carbides and nitrides of the Group IVa 
and Va metals crystallize with the simple NaC1 type 
structure at compositions of about MX. These com- 
pounds generally have wide ranges of non-stoichio- 
metry. In particular, the phase TiO has long been 
known to exist over a wide range of composition de- 
pending on temperature, e.g. from TiO0.7 to TiOi.25 
at 1400°C and TiO0.9 to TIO1.25 at temperatures below 
about 990°C (Hansen, 1958; Jostsons & McDougall, 
1967). An important feature of this phase, which has 
been deduced from a comparison of pycnometric and 
X-ray densities (Ehrlich, 1941; Andersson, Collen, 
Kuylenstierna & Magn61i, 1957), is that its crystal 
structure has varying proportions of titanium and oxy- 
gen vacancies. At the composition TiO0.7 the titanium 
lattice is almost perfect, but about a third of the oxygen 
sites are vacant. In TIO1.25 the oxygen lattice is almost 
perfect, but about a quarter of the titanium sites are 
vacant. Even in the equiatomic alloy about 15 % of both 
titanium and oxygen sites are vacant. It has been conclu- 
ded from X-ray examinations (Ehrlich, 1941; Anders- 
son, Collen, Kuylenstierna & Magn61i, 1957) that these 
vacancies are arranged randomly at high temperatures. 

Naylor (1946) observed a discontinuity in the specific 
heat of TiO at 990 °C indicating a phase change. Sub- 
sequently, Jenkins (1953) reported the splitting of NaC1 
type reflexions on the X-ray patterns from a powder 
sample of the equiatomic alloy annealed at 870°C. 
Later, some investigators (Wang & Grant, 1956; An- 
dersson, CoHen, Kruuse, Kuylenstierna, Magn61i, Pest- 
malis & Asbrink, 1957; Pearson, 1958) observed a num- 
ber of weak reflexions in addition to the split reflexions 
observed by Jenkins. Although attempts to index these 
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extra reflexions were not successful, Andersson, Collen, 
Kuylenstierna & M agn61i (1957) suggested that the trans- 
formation occurring below 990 °C (the equilibrium tem- 
perature) is a consequence of the ordering of vacancies. 

The present paper reports the structure analysis of 
the low temperature form of TiO utilizing the electron 
microscopy/diffraction and X-ray powder methods. 
The main advantage of electron microscopy for study- 
ing ordered structures lies in the ease with which dif- 
fraction patterns of single domains can be obtained by 
means of the selected area diffraction technique. 

2. Experimental method 

Alloys were prepared from iodide titanium and high 
purity TiO2 within an atmosphere of purified argon in 
a tungsten-arc furnace. Cast alloys were homogenized 
at 1200°C for 50 hours prior to heat treatment below 
the equilibrium temperature (~990°C). Oxygen con- 
centrations were measured by the mass change after 
combustion in a stream of oxygen at 1200 °C. The accur- 
acy of these analyses is estimated as + 0.5 at. % oxygen. 
Close agreement was obtained by the above method be- 
tween duplicate analyses and the nominal composition. 

Heat treated bulk specimens were polished metallo- 
graphically to approximately 0.5 mm thickness. Thin 
foils suitable for electron microscopy were then ob- 
tained by chemical polishing at room temperature in 
a solution containing 33 ~o hydrofluoric acid (40 %), 50 % 
nitric acid, and 17% water. A JEM 6A electron micro- 
scope was operated at 80 and 100 kV, and both the selec- 
ted area diffraction and dark field techniques were used. 

The interplanar spacings and diffracted intensities 
were measured on X-ray powder patterns taken with 
Cu Kc~ radiation. The accuracy of the interplanar spa- 
cings was better than 1 part in 1000. However, in the 
evaluation of the ordered cell parameters a higher ac- 
curacy, better than 1 part in 5000, was attained with 
Co Kct and Fe Kct radiations in addition to Cu Kct. 
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The diffracted intensities were determined by measuring 
the area under a peak with a planimeter. Partly over- 
lapping reflexions were separated by taking account of 
the shape of each peak. However, there remained a 
number of overlapping reflexions containing unresolv- 
able peaks. Since the observed intensities could be 
strongly influenced by preferred orientation in the 
powder specimen, the texture of a specimen was ex- 
amined by an X-ray pole figure method (Schulz, 1949). 

3. Results 
3.1 General features 

Specimens quenched from 1500°C showed no sub- 
structure in the electron micrographs, but the electron 
diffraction patterns contained a distribution of diffuse 
scattering around the 110 as well as 100 reflexion posi- 
tions, in addition to the fundamental sharp spots due 
to the NaC1 type structure (Fig. 1). The diffuse scatter- 
ing is thought to be due to short range order in the 
arrangement of vacancies. Electron micrographs from 
specimens annealed at 950 °C for 50 hours, on the other 
hand, showed an array of small equiaxial regions (~  3/z 
diameter), each containing one set of parallel bands 
(,,~300--1000A wide) (Fig.2). These specimens gave 
numerous superlattice spots (Fig.3) in addition to the 
fundamental reflexions, but no diffuse scattering. The 
foil shown in Fig.2 was approximately parallel to 
( l l l )e .*  It was noted that the position of the funda- 
mental reflexions remained almost unchanged over 
areas corresponding to the grain size of the disordered 
phase quenched from high temperatures. The diffrac- 
tion pattern reproduced in Fig. 3 was obtained from 
the entire area of Fig. 2, while a simpler diffraction pat- 
tern containing fewer superlattice reflexions as shown 
in Fig. 4 was obtained from the area labelled A. Anal- 
ysis of a number of foils revealed that the boundaries 
of the bands were parallel to {110}c planes. 

3.2 Construction of the reciprocal lattice 
The following structure analysis is based on the ob- 

servations of specimens of the equiatomic composition. 
Typical diffraction patterns from { 100}c foils are shown 
in Fig. 5. The complex pattern in Fig. 5(a) containing 
superlattice reflexions at the 100c and l l0c positions 
and also four additional spots around them was ob- 
tained from an area including a number of banded 
regions. With smaller selected areas (1 ~ 2/z2), however, 
various types of simpler diffraction pattern were ob- 
served. Figs. 5(b) and (c) contain only the 110c or 100c 
superlattice spots in addition to the fundamental reflex- 
ions, and Fig. 5(d) contains only half of the spots which 
were present around the 100c and 110c spots in Fig. 5(a). 

The reciprocal lattice of the ordered structure, shown 
in Fig. 6, was constructed from electron diffraction pat- 

* The subscript e will be used to designate Miller indices 
referred to the cubic axes of the high temperature NaC1 type 
structure of TiO. 

terns of various single orientations obtained by the use 
of dark field techniques. Figs. 5(b), (c) and (d) corre- 
spond respectively to the intensity distribution of the 
(010)c, (100)c and (001)c planes after ordering. A mono- 
clinic cell was chosen to describe the unit cell of this 
ordered structure. The relationship between the mono- 
clinic axes and the original cubic axes is shown in Fig. 6. 

3.3 Determination of unit cell parameters 
The lattice parameter of the high temperature form 

of the equiatomic alloy, TiO, was 4.1815 _+ 0.0005/~. 
After annealing at 950°C or lower temperatures to 
some extent, a number of extra reflexions were ob- 
served on the X-ray powder pattern. The observed 
interplanar spacings are shown in Table 1. These spa- 
cings are in good agreement with those reported by 
Andersson, Collen, Kruuse, Kuylenstierna, Magn61i, 
Pestmalis & Asbrink (1957). 

From a consideration of the interplanar spacings and 
the relationship between the monoclinic lattice (sub- 
script m) and the cubic lattice, as defined in Fig.6, 
monoclinic indices were assigned to the X-ray powder 
reflexions. The parameters of the monoclinic unit cell 
were evaluated from the following values of d(hkl)m" 

d(O40)c=d(OO4)m=d(480)m= 1"0355 _+ 0"0002/~ 
d(2ff-0)c = d(47-0)m = d(27q2)m = 1"4636 _+ 0"0003 
d(ZOZ)e=d(ZZ2)m = 1"4740 _+ 0"0003 
d(Z20)c=d(O60)m = 1"4845 + 0"0003. 

From these interplanar spacings the parameters of the 
monoclinic cell were determined to be 

a = 5.855 + 0.003 A 
b = 9-340 + 0.005 
c = 4.142 _+ 0-002 
~=107°32 '+3  ' .  

The interplanar spacings in this monoclinic lattice are 
shown in Table 1. The proposed unit cell accounts 
adequately for all the observed reflexions on the X-ray 
powder pattern. 

As a result of ordering the parent cubic cell (a0= 
4.1815 A) is distorted into a cell with the parameters, 
a' = 4.200 l, b' = 4.1425, c' = 4.1420/~. An angle between 
the a' and b' axes is no longer 90 ° but 89 o 9'. That is, 
the parent pseudo-cubic cell has monoclinic symmetry. 
In § 3.5 the crystallography of ordering will be con- 
sidered in terms of this pseudo-cubic cell and the sub- 
script c' will be used to indicate Miller indices referred 
to this basis. 

3.4 Space group and atomic positions 
The electron diffraction spots represented by the 

reciprocal lattice points shown in Fig.6 indicate the 
following systematic absences in the monoclinic unit 
cell: 

hklm: k + l ¢ 2 n ,  
hkOra" k ~ 2n, 
O0lm : l ~ 2n, 
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0 2 0  2 2 0  

Fig. 1. Electron diffraction pattern of TiO quenched from 
1500 °C. 

Fig. 3. Diffraction pattern taken from the entire area of Fig. 2. 
Indices shown in this pattern refer to the high temperature 
cubic cell. 

Fig.2. Electron micrograph of ordered TiO annealed at 950°C 
for 50 hours. The foil is approximately parallel to {111 }c 
( x 40,000). 

Q O Q Q ~ o t "  

• 0 • • B " 

Fig. 4. Diffraction pattern taken from the area labelled A in 
Fig.2, using a small selected area aperture. 

[To face p. 308 
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Fig. 5. Diffraction patterns from { 100}c foils of ordered TiO annealed at 950 °C for 50 hours; (b), (c) and (d) correspond respectively 
to the intensity distribution on (010)e, (100)c and (001)c planes in the reciprocal lattice shown in Fig. 6, and (a) is the superposi- 
tion of these intensity distributions. 
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T a b l e  1. Observed and calculated values 
of interplanar spacings and ]Flnkl 

Reflexions without  observed values are those which were not  
detected in the X-ray powder  patterns. Values of  [F[ea]e were 
obtained using parameters  calculated f rom the least-squares 
refinement discarding [F[obs for unresolvable overlapping 
peaks (case 1). Reflexions linked together are the unresolvable 
overlapping reflexions. 

deale dobs 
hklm (/~) (A) IFlobs IFlca~o 
100 5"583 5"574 20 20 
020 4"453 4.448 21 37 
120 4.142 4.137 23 19 
011 3"756 3-751 24 23 
l I1  3"317 3"314 33 36 
120 3"062 3.061 20 16 
111 2-948 2.948 32 37 
200 2.792 2.791 38 39 
220 2"770 2"771 38 35 
131 2.443 2.443 37 41 
031 2-413 2"414 64 81 
2 i l  2-391 2-391 65 82 
170 2"323 ~ - -  16 
040 2.227 2.227 41 37 
211 2.116 - -  - -  18 
220 2-098 2.099 207 155 
231 2.097 0 0 
270 ~ 2.071 2.071 197 152 
002 J 197 155 
131 2.041 m - -  22 
102 ~ 1-942 9 15 
3]0 1.937 1"942 17 15 
140 / 1.882 18 16 
022 1"878 1"881 9 26 
300 1"861 ~ - -  14 
122 1"852 ~ - -  15 
3 i i  1"759 1"758 19 27 
122 1"715 ~ - -  14 
131 ~ 25 26 
370 J 1"702 1"701 49 13 
331 1-687 1-687 20 26 
202 ~ 1"663 1-660 27 28 
2]2 1"659 27 27 
231 / 1"638 1"639 33 18 
051 1"637 33 1 
231 1"621 1.620 37 33 
311 1-590 1-591 25 30 
320 1"558 ~ - -  14 
160 1"556 - -  - -  12 
172 1"546 - -  - -  13 
240 1"530 - -  - -  18 
042 ~ 1"516 1"517 33 29 
260 1"513 15 16 J 
060 1"485 1.485 116 119 
222 1"474 1"474 123 121 
151 1"465 0 34 
4~0 ~ 116 119 
272 j 1"464 1"464 116 119 
331 1"443 - -  - -  18 
322 1"415 - -  - -  13 
400 1-396 ~ - -  20 
142 1.393 - -  - -  14 
470 1"385 - -  - -  19 
302 1"384 - -  - -  12 
3~0 1"381 - -  - -  16 
411 ~ 1.366 1"365 16 3 
013 j 1.364 16 15 
1i3 1"340 - -  - -  21 
160 1"338 - -  ~ 11 
331 1"325 - -  - -  23 
372 1"315 - -  - -  11 
113 1"310 ~ ~ 22 

hklm 
171 
251 
411 
133 
340 
033 
2i3 
322 
162 
242 
420 
262 
071 } 
460 
062 
213 
233 
422 
133 
260 
520 
1110 
2110 } 
402 
362 
3i3 
162 
171 
500 
3i]0 
080 
133 
511 
333 
233 

T a b l e  1 (cont.) 

dcalc dobs 

(k )  (k )  IFlob~ 

1"267 1"268 35 
35 

1"257 
1.256 
1"254 all overlapped in 
1.252 a flat peak 
1-249 
1.245 
1.244 

15 1.231 1.231 21 
1.226 __ m 

32 1.216 1.216 
45 

1.206 1.207 75 
1-204 - -  - -  
1 " 2 0 1  - -  - -  

1-196 1"195 82 
1 . 1 9 0  - -  - -  

1"173 - -  - -  
1 . 1 6 9  - -  

1-161 - -  

1.158 - -  - -  
1.149 - -  
1.125 - -  
1"124 __ m 
1"123 ~ 
1"117 ~ 
1.115 - -  - -  
1.113 - -  - -  
1-110 - -  

1.109 - -  - -  
1"106 - -  - -  
1-092 - -  

[F[eale 
11 
59 
60 
25 
12 
59 
59 
11 
11 
14 
24 
13 
27 
22 
92 
12 
2 

95 
14 
25 
10 
14 
24 
16 
13 
17 

9 

18 
11 

8 

7 
17 
17 
16 
11 

a n d  t h e  s p a c e  g r o u p  A2/m (no .  12 w i t h  A,  B in t e r -  
c h a n g e d )  w a s  d e d u c e d .  

T h e  u n i t  cell  o f  t h e  o r d e r e d  p h a s e  is l a r g e r  t h a n  t h e  
h i g h  t e m p e r a t u r e  c u b i c  cell  a n d  c o n t a i n s  t w e l v e  t i t a -  
n i u m  a n d  t w e l v e  o x y g e n  si tes.  T h e  p r o p o r t i o n  o f  va-  
c a n c i e s  is e s t i m a t e d  t o  be  1 6 - 7 ~  f r o m  t h e  d e n s i t y  o f  
t h e  o r d e r e d  s t r u c t u r e  c a l c u l a t e d  o n  t h e  bas i s  o f  t h e  
p a r a m e t e r s  o f  t h e  m o n o c l i n i c  u n i t  cell ,  5 .89 g . c m  -3, 
a n d  t h e  o b s e r v e d  p y c n o m e t r i c  d e n s i t y ,  4.91 g . c m - 3  
( K u y l e n s t i e r n a  & Magn61 i ,  1956).  I n t e n s i t i e s  o f  t h e  o b -  
s e r v e d  r e f l e x i o n s  c a n  a p p r o x i m a t e l y  be  e x p l a i n e d  i f  o n e  
s ix th  o f  b o t h  k i n d s  o f  s i te  a r e  a s s u m e d  to  b e  v a c a n t ,  
i.e. t w o  t i t a n i u m  a n d  t w o  o x y g e n  a t o m s  a r e  m i s s i n g  
f r o m  t h e  u n i t  cell.  T h e  p o s i t i o n s  o f  a t o m s  in t h e  p r o -  
p o s e d  s t r u c t u r e  a r e  as  f o l l o w s :  

2T i  in  2(c) :  ½ , 0 , 0 :  ½,½,½. 

2 0  in  2(b) :  0 ,½ ,0 :  0 ,0 ,½.  

4T i  in  4(i)"  ( 0 , 0 , 0 :  0, ±2, l~ + x,Y, 0 : 2 j  : L 2 , 0 .  

w i t h  x = ~, y = ½. 

4T i  in  4( i)"  w i t h  x =  ~-, y = ½. 

4 0  in  4(i)"  w i t h  x = ½ ,  y = ~. 

4 0  in  4(i)"  w i t h  x = { ,  y = ~ .  
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The arrangement of atoms and vacant sites is shown 
in Fig. 7. 

In the absence of intensity measurements on a single 
crystal, the X-ray powder data were used for the re- 
finement of atomic parameters. This procedure was 
justified since the {200}e, pole figure of the powder 
specimen showed no evidence of preferred orientation. 
After correcting for multiplicity and Lorentz-polariza- 
tion factors the observed intensities were converted 
into [Flobs values. The reproducibility of the IFIob8 
values on different samples as well as for repeated dif- 
fractometer runs was better than + 107o. 

The refinement of x and y parameters was carried 
out by a F O R T R A N  crystallographic least-squares 
program, ORFLS,  written by Busing, Martin & Levy 
(1962). The calculations were first performed by dis- 
carding IFIobs for unresolvable overlapping reflexions. 
However, since a number of the strongest reflexions 
had then to be neglected, the second calculation was 
made by assuming that the intensities of unresolvable 
reflexions in an overlapping reflexion were equally di- 
vided within it.* Some justification of such an assump- 
tion was obtained from the IF] tale values calculated 
with the parameters derived by the first calculation. 
For  unobserved reflexions, the [Flobs values were cal- 
culated by assuming that the intensity of the relevant 
reflexions was equal to half that of the weakest ob- 
served reflexion. Self-consistent field atomic scattering 
factors were used for oxygen and Thomas-Fermi values 
for titanium (International Tables for X-ray Crystallo- 
graphy, 1962); both atoms were taken to be neutral. 
An overall isotropic temperature factor, B=0.37  A 2, 
was calculated from the value of the Debye tempera- 
ture, O=612°K,  for TiO (Kaufman, 1962). 

The parameters of atoms in 4(i) positions after 
least-squares refinement are shown below. The ob- 
served and calculated values of IFIh~ are compared 
the Table 1. 

Case 1 Case 2 

(Without over- (With over- 
lapping peaks) lapping peaks) 

4Ti in  4(i) with x=0 .164+0 .005  x=0 .170+0 .004  
y = 0.336 + 0.003 y = 0.340 + 0.002 
z = 0  z = 0  

4Ti in 4(0 with x =  0.666 + 0.005 x=0.669 + 0.004 
y = 0.340 + 0.002 y = 0.342 + 0.002 
z=O z=O 

40 in 4(i) with x=0.324+0.016 x=0.343+0.012 
y=0.181+0.009 y--0.175+0.007 
z = 0  z = 0  

4 0  in4( i )  with x=0 .819+0 .016  x=0 .833+0 .012  
y=0 .165  +0.010 y=0 .179  + 0.008 
z=O z=O 

* When there was a superlattice reflexion overlapping 
fundamental reflexions, all the intensity was assigned to the 
fundamental reflexions. 

The following values of the R index, ( R = Z '  IlFlob~-- 
IFIcalol/Z" IFIobs), were obtained: 

Case 1 Case 2 
Without zeros 0.11 0.16 
With zeros 0.19 0.22 

3.5 Microstructural features of the transformation 
In an earlier paper, the present authors (Watanabe, 

Castles, Jostsons & Malin, 1966) described the micro- 
structural features of the ordered specimen as consist- 
ing of small equiaxial domains, each containing one 
set of parallel plates related to each other by twinning 
on the {110}e, planes.* A more detailed consideration, 

* Although, in a cell with monoclinic symmetry, (110), 
(lI0), (101), (10i), (011) and (01i) planes are no longer 
equivalent, the expression {110}c, will be used here to indicate 
a set of these planes because the cell designated by the subscript 
c' is pseudo-cubic. Also <100>e will be used here to indicate a 
set of directions, [100]c,, [010]c, and [001]c.. 

kc km 

020c 

0 0 0  ha 

lira 

Fig. 6. Reciprocal lattice of ordered TiO. The l axis is perpen- 
dicular to the hk plane, and full and open circles represent 
the reflexions on the 1=0 plane and on the l=1 plane 
respectively. The subcsripts c and m refer to the original 
cubic cell and the ordered monoclinic cell respectively. 

[110]c 

o • o x /  
• o "e ,  o e "e, e o " 

• %.)No , , o,. o/o o'o 
o o o . ,  
",o o  .o/o ,. o 

o . 
, 0%.  olo  • o"" 

• (a) ~[110]e " 

• ~ • o "et o • "o, 

o o ' e  • o 'er  o o "  
"e, o e ' ~  • o "e, o 
o'"e. o / •  e,N• o " ~ ,  

. . .e o '~. . ,o , } : t  • o '"  
" ~ , , o / o ' ,  o/o'"e.  • 
• "o, No o ~ o o'"o,  

, , o  • " ~ e  ~ "e, o e " 
"'e o • ~ • o'"~ o 
o "e ,  o • "e. e o "e. 

• ,, • •  . 

(b) 
• Titanium o Oxygen • Vacancy 

Fig.7. Structure model of ordered TiO. (a) shows the z=0 
plane and (b) shows the z = ½ plane. Thick lines represent the 
unit cell and dotted lines the planes containing vacancies. 
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however, has revealed that this simple description 
should be amended. 

The previous analysis was made on area A in Fig. 2. 
From the orientation relation of the image of this area 
to the corresponding diffraction pattern (Fig. 4), which 
is shown schematically in Fig. 8, it was concluded that 
the interface plane of the plates was {ll0}c,. Dark 
field images formed by the superlattice reflexions indi- 
cated that the diffraction pattern in Fig. 4 results from 
the superposition of two sets of spot patterns, one cor- 
responding to the ( i l l)e,  plane and the other to the 
(i  1 i)e' plane of the reciprocal lattice. In Fig. 8 the open 
circles represent the superlattice spots of the ( i l l)c,  
plane and the small full circles represent those on the 
( i l i )c ,  plane; the large full circles are the fundamental 
reflexions common to both reciprocal lattice planes. 
It can be shown that the alternate plates in this area 
are related by the twinning elements (ll0)c,, [il0]c,. 

Another example of these microstructural features 
is shown in Fig. 9(a). The foil is again parallel to { 111 }c" 
and the diffraction pattern taken from a large area 
containing a number of banded regions is similar to 

Fig. 3. The dark field images [Fig. 9(b) and (c)] are com- 
plementary with each other in the area labelled B of 
the bright field image. The relationship between the 
microscope image and the diffraction spots used for the 
dark field images is shown in Fig. 10, where again the 
diffraction pattern consists of the superposition of two 
spot patterns. Fig. 9(b) and (c) were taken respectively 
from the spots I and II belonging to the two orienta- 
tions. By analysis of the orientations (Fig. 10), it is con- 
cluded that the superlattice spots represented by small 
full circles originate from the ( l i l )c ,  plates, and those 
represented by open circles from the (111)c, plates. A 
stere®graphic analysis showed conclusively that the 
alternate plates in this area are not twins. 

Similar analyses of a large number of electron micro- 
graphs have shown that all the {110}e' planes can be 
interface planes. The alternate plates within a domain 
are twinned only on the (ll0)c, and (li0)c, interfaces, 
but not on all other interface planes, viz. (101)e,, (10i)c,, 
(011)c', (01 i)e'. It is thought, therefore, that these plates 
may be different crystallographic variants of the cubic 
to monoclinic transformation. It seems that the twin 

® II ® ® II ® 

O• OelD, 0 # 0 , 0 "  

0000#0 "Q,O•O 

® / ~  ® ® 

[101]c' 

(ili)c'l 

(i11)c' [111)c' 

- [101  c' 

(~.1~)c.!~ i2]c l 

Dif f ract ion  Pattern I m a g e  

Fig. 8. Correspondence of the diffraction pattern of Fig.4 to the microscope image of the area A in Fig. 2. Large full circles 
represent the fundamental 220 reflexions. Small full and open circles represent respectively the superlattice spots from the 
(ilI),, plates and those from the (il 1)c, plates in the image. 
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Fig. 10. Correspondence of the microscope image of the area B in Fig. 9(a) to the diffraction pattern. Small full and open circles 
represent respectively the superlattice spots from the Oil)c, plates and those from the (lii)c, plates in the image. 
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(a) 

(b) 

(c) 

Fig. 9. Electron micrograph of {111 }c" foil of ordered TiO. (a) is a bright field image, and (b) and (c) are the corresponding dark 
field images, taken by using spots I and II, respectively, shown in Fig. 10 ( x 32,000). 
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relation between two of the variants is only a fortuitous 
result of the transformation and is not necessarily a 
characteristic of the transformation. 

The observed crystallographic relationships between 
neighbouring plates are summarized in Fig. 11. The 
alternating arrangement of the (100)c, axes in neigh- 
bouring plates can be understood in terms of the rela- 
tive changes of the axial parameters of the high tem- 
perature cubic cell on ordering. (The a parameter in- 
creases by 0.4% whereas both the b and c parameters 
decrease by 0.9%). This arrangement seems to occur 
so as to minimize long range stresses caused by the 
ordering transformation. When the interface plane is 
(011)c, or (01T)c, and the alternating axes are [010]c, 
and [001]c, the reduction in stress will be small. The 
rarity of these two as interface planes compared with 
the other arrangements favours the hypothesis that the 
requirement of minimum long range stresses has given 
rise to the observed arrangement of alternating plates. 

The observed microstructures can therefore be ex- 
plained on the basis of the nucleation and growth of 
the ordered phase within the disordered matrix. The 
nucleation may occur at many centres on any of the 
{110}c planes within each grain of the disordered ma- 
trix. At any centre of nucleation, a nucleus will grow 
to form a plate which continues growing until the stress 
exceeds a critical value, whereupon nucleation and 
growth of an adjoining plate occurs. This process is 
repeated until further growth is prevented by the im- 
pingement with other sets of plates growing from a 
neighbouring nucleation centre within the same grain. 
Thus, each grain of the disordered matrix is subdivided 
into several domains, each of which contains one set 
of parallel plates. It is to be emphasized that these 
domains are not necessarily the antiphase domains 
commonly found in ordered alloys. In Fig. 2, additional 
line segments have been observed as shown by the 
arrows. Their contrast is similar to the image contrast 
due to the antiphase domain boundaries, but has not 
been examined in detail in the present investigation. 

4. Discussion 

The ordered structure of TiP  determined in the present 
investigation can be described in terms of vacancy 
ordering; i.e. in every third (110) plane of the original 
cubic cell half of the titanium and half of the oxygen 
atoms are missing alternately. The spacing of this (110) 
plane is slightly larger than that of the other {110} 
planes, and as a result, the symmetry of the original 
cubic structure is reduced to monoclinic. The results 
of the least-squares refinement have shown that the 
displacements of the titanium and oxygen atoms from 
their ideal positions are small in spite of the existence 
of a large number of vacancies in the crystal. Considera- 
tion of the standard error associated with each atomic 
parameter indicates that there occurs no significant 
relaxation in positions of the atoms surrounding the 
vacancies. 

Although the proposed ordered structure corre- 
sponds to the equiatomic composition TiP,  essentially 
the same structure has been observed in the range of 
composition TiO0.9-TiOI.1. Within this composition 
range there is a change in the number of titanium and 
oxygen vacancies. This implies that the structure can 
tolerate some disorder. It is supposed that this disorder 
can take the form of excess atoms and vacancies which 
are randomly distributed over the ordered vacant sites 
and the normally occupied sites, respectively, in the 
proposed structure. 

Another type of ordered structure, which is different 
from the structure described above, has been observed 
in alloys near the composition TIP0.7 (Watanabe, 1965; 
Watanabe et al., 1966). The superlattice unit cell, in- 
volving six titanium and six oxygen sites, is ortho- 
rhombic with the space group 1222, a"=a /V2  , b "=  
3a/1/2, c"=a,  where a is the lattice parameter of the 
original cubic cell. In this alloy there are more oxygen 
vacancies than titanium vacancies, and the structure 
results from the ordering of the oxygen vacancies only. 
All oxygen atoms are missing from every third (110) 
plane in the original cubic cell, while the titanium va- 
cancies are distributed randomly. It should be noted 
that this structure was observed only in thin foils an- 
nealed at temperatures above 600°C in the electron 
microscope or heated by an intense electron beam. The 
alloy, prior to thinning, was prepared by the diffusion 
of oxygen into a rolled titanium sheet at 1500 °C. Under 
equilibrium conditions below 990°C, this alloy con- 
sists of two phases, Ti20 and the ordered TIP0.9 (Jost- 
sons & McDougall, 1967). The orthorhombic struc- 
ture is, therefore, considered to be a metastable transi- 
tion phase. This conclusion is supported by the fact 
that, on the diffraction pattern, diffuse scattering is 

(110)c' interface 
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Fig. 11. Schematic representation of the observed crystallo- 
graphic relationships in the alternating set of plates. Indices 
refer to the distorted cubic cell, c'. 
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almost always observed in the positions of the extra 
spots expected for the equilibrium structure excepting 
the sharp superlattice spots due to the ordering of 
oxygen atoms. The diffuse scattering seems to be caused 
by the short range order of titanium vacancies and it 
is thought that this transition structure would ulti- 
mately transform to the equilibrium ordered structures 
of TiO0.9 and Ti20. 

Long range order was not observed by previous 
workers (Andersson, Collen, Kuylenstierna & Magn61i, 
1957) in oxygen rich alloys (TiOz, x >  1.I) in which 
there is an excess of titanium vacancies relative to 
oxygen vacancies. In the present study, however, dif- 
fuse scattering, indicative of the presence of some short 
range order of vacancies, has been observed in the 
electron diffraction patterns of an alloy corresponding 
to TiO1.2. This alloy became fully ordered after long 
annealing treatments below 700°C but the structure is 
different from that of the ordered equiatomic alloy. 
An analysis of this structure is now in progress. 
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The Structure of the Catecholamines. 
I. The Crystal Structure of Noradrenaline Hydroehloride 
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Crystals of noradrenaline hydrochloride, CaH~ aO3N. HC1 are orthorhombic, space group P21212x with 
four formula units in a cell having the dimensions a= 8.580, b= 19.120, e= 5.775/~. The crystal struc- 
ture has been determined by interpretation of two-dimensional Patterson projections with aid of mini- 
mum functions and refined by three-dimensional least-squares methods. The final R index for 1013 
observable reflexions is 0.066. The catechol part of the molecule is planar and the bond distances and 

+ 
angles are close to those of tyrosine. As in most chloride salts of organic bases the amine group NH3 
is hydrogen bonded to C1-. 

Introduction 

Noradrenaline, often also named norepinephrine, 
which chemically is 1-(3,4-dihydroxyphenyl)-2-amino- 
ethanol, is a hormone serving important physiological 
functions in endocrine and neural integration. It is 

released locally by sympathetic nerve endings where it 
acts as a neurotransmitter but it is also secreted by 
chromaffin cells, e.g. of the adrenal medulla. Since 
( - ) -noradrenal ine  is of great biological significance 
we thought it worth while to investigate its crystal 
structure. To our knowledge, none of the catechol- 
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